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Abstract
Background: Caenorhabditis elegans hermaphrodites are capable of producing hundreds of
progeny. However, genetic and environmental factors can keep many animals from attaining their
full reproductive potential. In these situations, efficient use of any functional gametes becomes
more important for reproductive success. To learn about this aspect of C. elegans reproductive
biology, we examined oocyte production and sperm utilization patterns in a unique collection of
semi-fertile sperm function mutants.
Results: In the mutants examined here, broods can be very small but sperm induced high levels of
ovulation. Ovulation rates reach maximum levels between the first and second day of adulthood.
Ovulations rates remain high during the reproductive period and gradually decline with age. These
results further demonstrate a decoupling of the ability of sperm to fertilize oocytes and induce
ovulation. We also observe that in our semi-fertile mutants the peak of successful fertilization
events precedes the bulk of oocyte production. Mixing populations of functional and nonfunctional
sperm under conditions without sperm competition also shows that functional sperm are utilized
efficiently. Although overall brood size can be similar for different mutant strains, slight differences
in the pattern of sperm utilization in these strains can lead to significant differences in resource
utilization and population growth.
Conclusions: This study represents the first detailed description of oocyte and progeny
production patterns over the entire reproductive period for wild-type and fertility impaired strains
of C. elegans. The phenotype of our mutants provide an ideal system for studying sperm utilization
patterns since they only affect one major process, the ability to fertilize oocytes. In semi-fertile
mutants, the nature of the reproductive process and/or specific molecular mechanisms ensures that
any functional sperm are utilized quickly. Only a fraction of the sperm produced by our semi-sterile
mutants are functional as opposed to every sperm having a low but equal chance of fertilizing an
oocyte. In addition to the number of progeny produced, the pattern of progeny production can
have an important influence on the dynamics of population growth.
Background
The C. elegans strain considered "wild type" – N2, exists
primarily in the hermaphroditic condition, although
males are produced spontaneously (due to chromosomal
nondisjunction) at an extremely low frequency [1,2]. Dur-
ing its fourth (and final) larval stage, the reproductive
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ply of sperm [3]. As development progresses, the germline
undergoes a switch, and for the remainder of the animal's
reproductive life will produce only oocytes [4]. In this
organism, it is not the supply of oocytes which limits the
number of progeny that each hermaphrodite produces,
but rather, the number of functional sperm that are made
in the larval stage [4,5].
The process of fertilization in C. elegans involves the dila-
tion of the spermatheca, which allows the entry of the
oocyte into this structure (Fig. 1). The spermatheca stores
all of the sperm, which are amoeboid in nature. Sperm are
required to induce high levels of oocyte maturation and
ovulation [6,7]. Fertilization occurs within the spermath-
eca, and the zygote then enters the uterus. As the zygote
moves into the uterus, it displaces many sperm from the
spermatheca. These sperm must migrate back into the
spermatheca in order to be utilized later. If fertilization
was unsuccessful in the spermatheca, the unfertilized
oocyte begins to endoreplicate its DNA and is eventually
laid as such. There is no fertilization in the uterus. Thus,
there is only a brief window of opportunity when the
oocyte can be fertilized.
When hermaphrodites are mated to males, male sperm
will outcompete the hermaphrodite's own sperm and will
preferentially fertilize the oocytes [8]. This phenomenon
is referred to as sperm competition, and in the nematode
C. elegans specifically refers to the competition effects seen
between male and hermaphrodite sperm. Unlike in other
species, C. elegans exhibits no competition between sperm
from different males [9]. Hermaphrodites mated to mul-
tiple males show no male precedence effects. The ability
of male-derived sperm to outcompete hermaphrodite-
derived sperm stems from intrinsic physiological differ-
ences between male and hermaphrodite sperm. It has
been shown that male sperm are larger than hermaphro-
dite sperm, and that this size difference is important in the
context of sperm competition in C. elegans [9-11]. Further,
the ability of male sperm to outcompete hermaphrodite
sperm has been shown to be independent of their ability
to fertilize the oocyte [12].
A class of mutations has been defined that result in the
production of sperm that are incapable of fertilizing the
oocyte [5,13]. This is despite that fact that mutant sperm
are produced in normal quantities, appear morphologi-
cally normal, activate to form crawling spermatozoa,
localize correctly to the spermatheca and come in contact
with oocytes [5,14]. Thus, these mutations seem to affect
molecules that are required by the sperm specifically for
fertilization and not for sperm development. These
mutants are collectively called the spe-9 class, after the first
of the corresponding genes to be cloned. While some
Overview of the fertilization process in C. elegans (each panel consists of the Nomarski image and a exp anatory cartoon)Figure 1
Overview of the fertilization process in C. elegans (each panel 
consists of the Nomarski image and an explanatory cartoon). 
(a) shows an oocyte ready for ovulation into the spermath-
eca, where the sperm are stored. The mutants discussed in 
the paper produce a few fertilization-competent sperm 
(shown in the cartoons in grey) and mostly non-functional 
sperm (shown in white). In (b) the mature oocyte is ovulated 
into the spermatheca, which is the site of fertilization. Each 
oocyte will potentially contact all of the sperm, both func-
tional and non-functional that are stored in the spermatheca 
simultaneously. After a short interval, the oocyte is pushed 
into the uterus (c) and any sperm that have also been dis-
placed from the spermatheca into the uterus will make their 
way back into the spermatheca and await the next ovulation 
event. Although some of these displaced sperm might con-
tact any unfertilized oocytes in the uterus, no fertilization 
occurs outside the spermatheca. In Nomarski images, exam-
ples of sperm are indicated by black arrowheads.Page 2 of 8
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tures, others show temperature-sensitive sterility and still
others show partial sterility (leaky sterile) at various cul-
ture conditions (Kadandale & Singson, unpublished
observations).
The nature of the C. elegans reproductive tract gives essen-
tially every sperm in the spematheca the chance to contact
the egg simultaneously (Fig. 1) [5,8]. This leads to
extremely efficient use of sperm. In wild type animals,
sperm are utilized at or very close to unit efficiency until
sperm supplies are depleted [5,8,13]. In our collection of
semifertile mutants, only a few successful fertilization
events occur for each animal as opposed to the hundreds
seen in wild type animals. Given that our mutants are only
weakly fertile, we can hypothesize a number of possible
sperm utilization patterns (Fig. 2). 1) All functional sperm
are utilized immediately and with 100% efficiency (Fig.
2A). 2) Every sperm has a low chance of fertilizing a pass-
ing oocyte so the pattern of successful fertilization events
is completely stochastic (Fig. 2B). The odds of a fertiliza-
tion event would go up with an increase in the number of
ovulations. Therefore the pattern of fertilization events
would mirror that of ovulations. 3) Alternatively, sperm
utilization patterns could be biased to one of the two pat-
terns above but not a perfect match (Fig. 2C). Here we
investigate patterns of ovulation and sperm utilization in
our spe-9 class semisterile mutant collection where the
majority of the sperm-egg interactions are unsuccessful.
Results and discussion
Wild-type sperm utilization and ovulation patterns
Wild-type (N2) progeny production under standard cul-
ture conditions (20°C, see Methods) peaks sharply 24–36
hours after the L4 larval stage (Fig. 3). The peak in ovula-
tion events mirrors this pattern. Sperm are utilized very
efficiently and almost 100% of the progeny are produced
by 72 hours. When sperm are depleted, progeny produc-
tion stops and oocyte production drops to basal levels.
Eventually, as the worm ages, even basal oocyte produc-
tion levels decrease. The initial lag before peak oocyte and
progeny production corresponds to the time required to
transition from the L4 larval stage (time = 0) to reproduc-
tively mature adults.
Sperm utilization patterns in leaky spe-9 class mutants
We examined sperm utilization and ovulation patterns in
mutant strains with low fertility at 20°C (spe-9, spe-13, spe-
40 and fer-14) (Fig. 3). In the spe-9 class mutants, non-
functional sperm remain in the spermatheca and continue
to induce high levels of oocyte maturation and ovulation
(Table 1) [5-7,14]. These levels of ovulation also drop off
steadily as the animals age (Fig. 3). In all cases, we see that
despite the fact that brood size in these mutants can be
very low (Table 1), successful fertilizations occur early in
the reproductive life of the animal (Fig. 3). Progeny pro-
duction peaks at roughly the same time as wild-type. Fur-
thermore, in these mutants, we also see that the peak of
progeny production now precedes the peak in ovulations.
Our data most closely resemble the scenario depicted in
figure 2C with a very strong bias towards the pattern in fig-
ure 2A. Thus, there appears to be a robust mechanism that
operates within the reproductive tract of the hermaphro-
dite that ensures that functional sperm are utilized
quickly. In "real life" since many complicated factors are
likely to come into play (e.g. the number of functional
sperm temporarily displaced from the spermatheca by
passing oocytes) we would not expect to see the perfectly
efficient utilization pattern depicted in figure 2A. Finally,
since we see this strong bias to early progeny production
that does not mirror ovulation patterns, we conclude that
these mutants produce two populations of sperm. One
population are the few functional sperm and the other
population are the non-functional sperm that will never
be able to fertilize an oocyte.
Expected patterns of fertilization in leaky fertilization-defec-tive mutants of C. elegansFigure 2
Expected patterns of fertilization in leaky fertilization-defec-
tive mutants of C. elegans. In cases where only a few func-
tional sperm are made, we can expect completely efficient 
utilization of sperm (a), completely random fertilization pat-
terns (b) or an intermediate, with a bias towards efficient uti-
lization, due to issues such as sperm being swept into the 
uterus (c).Page 3 of 8
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Sperm utilization patterns in various strains of C. elegans. The strains tested are labeled on the graphs. Solid diamonds repre-
sent percentage of fertilized eggs laid and unfilled squares represent percentage of total ovulations at each time point.Page 4 of 8
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The results above suggest that there are two populations of
sperm in our mutants (functional and non-functional).
We wanted to see if we could introduce two populations
of sperm into a feminized hermaphrodite (fem-1 mutants
contain no endogenous sperm) and see the efficient utili-
zation of a functional population of sperm without inter-
ference from a non-functional population. For this, we
used a strategy involving the mating of the hermaphrodite
to multiple males. Previous work has established that
there are no sperm precedence effects when hermaphro-
dites are mated sequentially to multiple males. There also
appear to be no male-male sperm competition effects in
C. elegans [9,10]. We first introduced sperm from spe-
9(eb19) males into fem-1(hc17) hermaphrodites by sim-
ply mating males to hermaphrodites. Since spe-9(eb19) is
a null allele, all the sperm from such males are completely
non-functional for fertilization [12,14]. An increase in the
ovulation rates (Fig. 4a) of the fem-1(hc17) animals indi-
cates successful sperm transfer, since ovulation is known
to require a sperm-derived factor [7]. When such
successfully mated fem-1(hc17) animals are subsequently
mated to wild-type animals, we see an immediate shift
towards laying fertilized eggs (Fig. 4b), as opposed to an
equal number of eggs and unfertilised oocytes (or greater
number of unfertilised oocytes). This shift is quite remark-
able, considering the short time frame of this assay (see
Methods). In animals that are not second-mated to wild
type males, the ovulation rates are higher than the basal
fem-1(hc17) level, indicating the persistence of the spe-
9(eb19) sperm for the duration of the assay (Fig. 4b). In a
similar experiment, it was found that reversing the order
of the matings (i.e., N2 first, followed by spe-9(eb19)
males) resulted in the production of only eggs, even after
the second mate (results not shown).
Food clearing assay
We have noted that some strains seem to display varying
patterns of sperm utilization even though the bulk of their
fertilization events occur early (Fig. 3, e.g. compare spe-40
to other strains). Therefore, we wished to determine if
some of the variation in sperm utilization patterns seen in
our strains could have an impact on population growth.
Two of the mutants used in this study, spe-40 and fer-14
had similar brood sizes (See Table 1). The spe-40 strain
seemed to have a more stochastic pattern of progeny pro-
duction than other strains. We wanted to test whether this
difference was biologically significant. For this
experiment, we set up a standard food clearing assay
[15,16] between fer-14 and spe-40. This assay has been
previously shown to be a good measure of successful
resource utilization and population growth [16]. Popula-
tion growth is measured by the ability to clear a food
resource from a culture dish. The spe-40 animals took 4–5
days longer to clear a spot of food than the fer-14 animals
(Fig. 5), although their total brood sizes are not signifi-
cantly different (p < 0.1). In order to confirm this, we set
up the assay using only one fer-14 animal versus two spe-
40 animals, and even in this case, the spe-40 animas still
took significantly longer to clear the food (Fig. 5). We also
observe a qualitative difference between plates cleared by
spe-40 or fer-14. In the case of spe-40, the cleared plates
have mostly older animals on them, while in the case of
fer-14, the plates have some older worms, and many L1
and L2 animals that can potentially enter the dauer path-
way. Worms in the L2 larval stage subjected to starvation,
high population density, or high temperature can enter
the dauer stage. This is a quiescent condition that is resist-
ant to prolonged periods of harsh environmental condi-
tions. When transported to more ambient surroundings,
the worms can exit the dauer state and become reproduc-
tively viable adults [17]. Having more of a population
capable of dauering when food resources are exhausted
could lead to better long-term survival prospects for that
population. The differences in food clearing cannot be
attributed to developmental differences between the two
strains, since the time they take to go from egg to adult to
egg is not significantly different from each other (Table 2).
Thus, differences in sperm utilization patterns are
reflected in differential resource utilization times, and
would appear to have biological relevance. It is not solely
progeny number that influences the ability of a popula-
tion to maximally utilize the available resources, but also
the temporal pattern in which these progeny are
produced.
Table 1: Brood sizes of various mutants used in this study.
Straina
N2 spe-9(eb19); ebEx149 spe-9(eb23); dpy-1, smg-6 spe-13 spe-40 fer-14
brood size 244 (35) 136 (51) 74 (22) 9 (3) 3 (2) 4 (3)
total ovulations 446 (57) 325 (89) 438 (56) 474 (61) 468 (75) 388 (80)
aAll data are for broods at 20°C. Numbers in brackets refer to standard deviation.Page 5 of 8
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ble to assume that the oocyte must have some means of
distinguishing these, since it comes in contact, concur-
rently, with almost the whole population of sperm within
the spermatheca (Fig. 1). The molecular components
encoded by genes like spe-40 could influence the
efficiency of this process. While our assays only measure
quantitative differences in resource utilization, we can
also imagine how such a method of discriminating
between populations of sperm can also be used to pro-
duce qualitatively different offspring.
Conclusions
There appears to be a robust mechanism that operates
within the reproductive tract of the C. elegans hermaphro-
dite that ensures that functional sperm are utilized
quickly. Efficient sperm storage and presentation to the
newly ovulated oocyte is likely to contribute to this effi-
ciency and is an inherent feature of worm reproductive
Sequential male mates to look at sperm utilization patterns in the absence of sperm c mpetitionFig re 4
Sequential male mates to look at sperm utilization patterns in 
the absence of sperm competition. Unfertilized oocytes are 
represented by unfilled bars, the solid bars are fertilized eggs 
laid. Ovulation rates increase comparably after fem-1 her-
maphrodites are mated to either spe-9 mutant males, or N2 
controls (a). (b) shows results after hermaphrodites previ-
ously mated to spe-9 mutant males are re-mated to N2 
males. As can be seen, there is an immediate shift towards 
utilization of the N2 male-derived sperm and the production 
of progeny. The animals not mated a second time to any 
males continue to show elevated ovulation rates (as com-
pared to unmated controls), indicating the persistence of 
sperm for the duration of the experiment.
Food clearing assayigure 5
Food clearing assay. Worms of the indicated genotype were 
used to set up a food clearing assay. The "#" indicates plates 
where only one worm was used. In all other cases, two 
worms were used for the assay. spe-40(it133) takes a signifi-
cantly longer time to clear a spot of food than fer-14(hc14) 
animals. p-Value is < 0.001 for worms marked with "a" (sig-
nificantly different from the spe-40 animals, Student's t-Test).
Table 2: Developmental time is the same for two spe-9-class 
mutants used in resource utilization assay.
Straina fer-14 (14) spe-40 (17)
developmental timeb 64.5 ± 0.6 64.6 ± 0.5
aNumbers in brackets refer to the number of worms tested. bNumber 
of hours taken for 50% of the eggs to develop into adults that begin 
laying eggs or unfertilized oocytes ± standard deviation.Page 6 of 8
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duced by each worm are functional. Further, any func-
tional sperm are used efficiently in all strains tested.
However, small variations in this efficiency exits between
strains. These small variations in sperm usage patterns can
lead to significant differences in population growth,
dynamics and resource utilization. The underlying molec-
ular events and mechanism involved could have impor-
tant influences on sexual selection and the reproductive
success of animals in the wild.
Methods
Worm strains
fer-14(hc14), spe-13(hc137), and spe-40(it133) are all spe-
9 class mutants that have not yet been cloned [5]. fem-
1(hc17) has been described elsewhere [18]. Several alleles
of spe-9 are not completely sterile [14]. The spe-9(eb23);
dpy-1(e1) strain has a larger brood size (Kadandale & Sing-
son, unpublished observations) when in the background
of a smg-6 mutation. smg-6 is known to be required for
mRNA surveillance and nonsense mediated decay [19-
21]. The observation that the fertility of the eb23 allele
increases in the smg background suggests that the semi-fer-
tility of these mutants is due to read-through translation.
spe-9(eb19); ebEx149 is a strain of worms that carry a trans-
gene bearing the cosmid C17D12 and the dominant phe-
notypic marker, rol-6. Although C17D12 rescues spe-9
mutants, it has a truncated form of spe-9 that lacks the
cytoplasmic tail and synthesizes less SPE-9 than can be
detected by antibody staining (Zannoni and Singson,
unpublished observations). Germline expression of trans-
genic extrachromosomal arrays is known to be poor
[22,23], and this could explain why so little SPE-9 is made
in these worms. The spe-9(eb19); him-5; ebEx149 strain
carried the him-5 mutation. This mutation causes males to
be produced at high frequency, but does not have any
adverse effects on sperm [24]. At least 10 animals were
used for all brood, ovulation and developmental time
experiments (see below).
Sperm utilization patterns
Worms homozygous for the required mutation were
grown up as a stock according to standard protocols and
culture conditions (20°C see below) [1]. 20–30 young
adult worms were picked to fresh plates and allowed to lay
eggs for one hour. In cases where the homozygous stock
did not produce sufficient progeny in one hour, heterozy-
gotes were picked, and only their sterile progeny (which
would be homozygous for the desired mutation) were
used. The adult worms were then removed and the eggs
were allowed to hatch and develop until they reached the
L4 larval stage. At this time the worms were picked indi-
vidually to fresh plates. The worms were transferred to
fresh plates every twelve hours and the number of ferti-
lized eggs and unfertilized oocytes that had been laid were
counted for each worm. The first twelve-hour period in
which either fertilized or unfertilized eggs were seen was
taken as the 0–12 hour time point. Since L4 larvae were
picked and had to still initiate zygote production, there
was typically a short lag in ovulation rates for the 0–12
hour time point. The mutants used in this study were cho-
sen since their semi-fertility was not completely tempera-
ture-sensitive, so that all brood sizes, sperm utilization
patterns and total ovulation patterns could be checked at
20°C and compared relative to each other. Total ovula-
tions were calculated as the sum of fertilized eggs and
unfertilized oocytes laid at each time point.
Sequential two male mates
These were performed essentially as described [9]. In
short, single fem-1(hc17) animals were picked to fresh
plates and each was mated to four spe-9(eb19); him-5
males for three hours. The males were then removed and
the fem-1 animals were allowed to lay eggs for one hour,
after which they were transferred to fresh plates. Success-
ful mating was scored by looking for an increase in the
basal ovulation rate of fem-1 hermaphrodites. Half of
these were not second-mated to any males, to check for
persistence of sperm for the duration of the assay. The
remaining animals were mated to four N2 males each for
three hours. The males were removed and the hermaphro-
dites were allowed to lay eggs for one hour. The plates
were checked for fertilized eggs or unfertilized oocytes.
Plate clearing assay
The plate clearing assay was modified from the method
previously described [15]. Every plate was seeded with an
equal amount of bacterial (E. coli – OP50) culture. Either
two worms (spe-40(it133), fer-14(hc14) or N2) or one
worm (fer-14) of each strain was picked to these plates as
L4 animals and the time taken for each plate to be cleared
of food was noted.
Developmental time
Heterozygous fer-14(hc14)/+ or spe-40(it133)/+ animals
were picked and allowed to lay eggs for one hour. The
adult worms were then picked off and the eggs allowed to
hatch. Once they hatched, the young worms were trans-
ferred to individual plates and the time taken for them to
lay their first egg/unfertilized oocyte was noted. Animals
were scored as homozygous mutants or wild type (or het-
erozygotes) based on their fertility.
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